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Electroactive Surfactant Designed to Mediate
Electron Transfer Between CdSe Nanocrystals
and Organic Semiconductors**

By Delia J. Milliron, A. Paul Alivisatos,* Claire Pitois,
Carine Edder, and Jean M. J. Fréchet*

Nanocrystals of CdSe have been coated with an electroac-
tive surfactant designed to facilitate their interaction with a
matrix of organic semiconductor. The new design allows inde-
pendent tailoring of solubility and electronic activity. To
achieve chemical control of nanocrystals, it is essential to coat
them with a monolayer of surfactant. The primary role of the
surfactants is to prevent aggregation and it is generally possi-
ble to exchange them for other surfactants in order to control
the solubility of the coated nanocrystals in a wide variety of
solvents and, in turn, their dispersion in a wide range of poly-
mers. The most common and readily accessible surfactants are
alkyl thiols, amines, phosphines, phosphine oxides, and car-
boxylic acids, all of which are electrical insulators with large
bandgaps. In many instances, it is desirable to control the dis-
persion or solubility of a nanocrystal, while simultaneously
providing electrical access to its surface. Earlier work!!! has
provided an interesting example of surfactant-facilitated elec-
tronic interaction, where conduction through a Au nanocrys-
tal film was mediated by conjugated thiols with resonant ener-
gy levels, which displaced insulating alkyl thiols.

In optoelectronic devices, semiconductor nanoparticles have
been integrated with organic semiconductors to take advan-
tage of their complementary properties. The inorganic semi-
conductors have greater electron affinities than the organic
materials, so charge transfer at the organic—inorganic interface
occurs rapidly, provided no insulating monolayer lies at the
interface. Integration of semiconductor nanocrystals into
light-emitting diodes (LEDs)>?! and photovoltaic cells™! can
be accomplished by stripping the surfactant from the nano-
crystals during film processing, thereby affording direct con-
tact between the nanocrystals and the polymer. However,
when using this process, it is difficult to control the detailed
morphology and dispersion of nanocrystals within the poly-
mer.”) In the case of CdS or CdSe and poly(2-methoxy-5-(2’-
ethyl-hexyl-oxy)-p-phenylenevinylene) (MEH-PPV), a 1.1 nm
thick monolayer of the common surfactant, trioctylphosphine
oxide (TOPO) located on the surface of the nanocrystals, was
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sufficient to reduce electron transfer efficiency by a factor of
10.5 Thus, there is a significant need for a surfactant that can
control the dispersion of semiconductor nanocrystals in a wide
variety of solvents and polymers, while also permitting elec-
tron and hole transfer to organic semiconductors.

Recently, complexes of nanoparticles with electroactive or-
ganic molecules, such as viologen and bipyridine derivatives,
have been explored as controlled models of the interface be-
tween organic and inorganic semiconductors.!*! Complex for-
mation with oxide semiconductors benefits from well-estab-
lished binding methodologies using electrostatic attraction
with pH-controlled surface charge, or coordination chemistry
with carboxylic acid ligands.[7’9’m] Until now, no such general
approaches existed for adding organic functionality to the
class of compound semiconductors typified by CdSe. Unlike
titanium or tin oxides, the bandgaps of compound semicon-
ductors typically fall in the visible or near-infrared range,
making them especially important optoelectronic materials.
We now present a general binding strategy for CdSe and apply
it to create electroactive oligothiophene surfactants that un-
dergo excited-state charge transfer when complexed to nano-
crystals.

Three components of the surfactant must be controlled in-
dependently: i) the head group must have a high affinity for
CdSe, ii) the electronic levels must have appropriate align-
ment, and iii) the end groups must provide solubility in a cho-
sen solvent. The most effective head group for functionaliza-
tion of the colloidal CdSe surface is a phosphonic acid group.
Phosphonic acids bind more strongly than amines, thiols, phos-
phines, and phosphine oxides; it is desirable to incorporate this
functionality in the electroactive surfactant and use it to per-
manently displace these common ligands. Previously, 1,12-dia-
zaperylene was successfully used to displace TOPO with a
chromophore.®! However, the bipyridine moiety, responsible
for displacing the TOPO, also plays an integral role in the opti-
cal characteristics of this chromophore. In contrast, the phos-
phonic acid moiety can be used as a distinct binding group
with any given chromophore. In this study, the electroactive
surfactant we have designed belongs to the family of regiore-
gular 3-hexyl oligothiophenes. Oligothiophenes can be made
in a modular way, with controlled conjugation length. By vary-
ing the length, energy levels can be adjusted to provide a path
for charge transfer. We demonstrate that when the oligothio-
phenes exceed a critical length, charge transfer occurs be-
tween the oligothiophenes and CdSe nanocrystals. Since
unsubstituted oligothiophenes have very poor solubility prop-
erties, we have introduced alkyl substituents to confer solubili-
ty in non-polar solvents. We emphasize, however, that the
number and type of solubilizing group can be widely varied.

CdSe nanocrystals about four nanometers in diameter, as
estimated from their absorption spectrum and transmission
electron microscopy (TEM) imaging, were prepared in TOPO
according to published procedures,[u] then washed with
methanol to remove excess surfactant. The oligothiophene
surfactant T5-PA, 15, was prepared using the multistep syn-
thesis shown in Scheme 1. Cleavage of the ethyl methyl silane
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Scheme 1. Preparation of the substituted pentathiophene phosphonic acid T5-PA 15. a) 1: nBuLi, -78°;
2: CL,Si(Me)Et, -78°. b) 1: N,N,N’N’-Tetramethylethylenediamine (TMEDA), nBuLi —-78°; 2: Me3SnCl,
-78°. ¢) N-Iodosuccinimide (NIS). d) Pd(PPh;),Cl,, DMF, 70°. e) Tetrabutylammonium fluoride
(TBAF). f) N-Bromosuccinimide (NBS). g) 4, Pd(PPh;),Cl,, dimethylformamide (DMF), 70°.

h) 7, Pd(PPh;),Cl,, DMF, 70°. i) P(OE1)3, NiCl,, 145°. j) 1. BrSiMes; 2. H,O.

protecting group of compound 11 with fluoride ion affords
two molecules of the regioregular 3-hexyl-substituted pen-
tathiophene 12, which, after bromination was transformed
into the phosphonate ester, 14, by an Abruzov-type nucleo-
philic displacement in the presence of nickel chloride.!"'*! Fi-
nally, phosphonate 14 was dealkylated and hydrolyzed into
the corresponding pentathiophene phosphonic acid (T5-PA),
15, under mild conditions.'>!°!

Ligand exchange to displace TOPO and create the desired
nanocrystal-surfactant complexes was carried out in an inert
environment. The nanocrystals and surfactants were co-dis-
solved in CH,Cl, and allowed to react overnight. The product
was precipitated in methanol or ethyl acetate to remove the
displaced TOPO and any excess of the new surfactant. Upon
redispersion, molecules remain bound to the nanocrystals
since the lack of competitive adsorption with TOPO enhances
the overall binding constant. "H NMR analysis of the product
in chloroform confirms the binding of the pentathiophene
onto the nanocrystals. A comparison of the spectra of free
and complexed T5-PA shows both a shift and a broadening of
the peaks upon complex formation (see Fig. 1). This broaden-
ing results from inhibited molecular rotation as the nanocrys-
tal and its bound molecules rotate together.[”] An estimation
of the number of oligothiophene molecules bound to each
nanocrystal could be made by deconvoluting the absorption
spectra of the complexes and estimating the absorption coeffi-
cients for the surfactant molecules and nanocrystals. Typically,
the complexes contained about 50 T5-PA molecules per CdSe
nanocrystal.
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Changes in fluorescence quantum yield
indicate differences in the branching ratio
between radiative and nonradiative decay
and therefore serve as a useful indicator of
nanocrystal-oligomer interaction. Quanti-
tative fluorescence yields of the oligomers
determined using an integrating
sphere.[w] As the oligothiophenes investi-
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CdSe nanocrystals (see Fig. 2), both com-
ponents absorbed the 457 nm excitation
light. Therefore, emission and absorption
spectra were deconvoluted to determine
the molecular fluorescence yields in the
complexes. T5-PA dissolved in toluene had
R a quantum yield of 14.8 %, while CdSe-T5-
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quantum yield of molecular fluorescence.
The exact amount of fluorescence was
found to depend on the specifics of the
washing procedure used to remove un-
bound T5-PA molecules, suggesting that
this remaining fluorescence could be attrib-
uted to remaining unbound T5-PA. Prelimi-
nary investigation of a similar pentathio-
phene (T5) with multiple phosphonic acid
groups yielded a similar quenching factor
without any washing step. As the remaining molecular fluo-
rescence could be assigned to free molecules, so this result in-
dicates a very high association constant of the multi-ligand
chromophore with the nanocrystal surface. Because the T5
emission spectra completely overlap the nanocrystal absorp-
tion (Fig.2), fluorescence quenching upon complexation

a)
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Fig. 1. Aromatic region "H NMR spectra of pentathiophene 15 (T5-PA) before
(a) and after (b) complexation with CdSe nanocrystals. The spectrum of the
complex contains broad peaks due to the restricted rotation of T5-PA.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  0935-9648/03/0101-0059 $ 17.50+.50/0 59



(a) | |
&
B
2
=

300 400 500 600 700
wavelength (nm)

—
O
~

Emission Intensity

]
[
L]
]
L]
[
[

i &
-
&

300 400 500 600 700
wavelength (nm)

Fig. 2. Absorption (a) and emission (b) spectra of T5-PA and CdSe nanocrystals
used in this work.

could result either from electron transfer or energy transfer
from excited oligomers to nanocrystals.

Observing the response of the nanocrystal fluorescence
yield to bound oligomers resolves the ambiguity of the molec-
ular quenching mechanism. A fixed concentration of nano-
crystals was equilibrated with a series of T5-PA concentra-
tions in toluene. As the concentration of T5-PA increased, the
fluorescence quantum yield measured after selective excita-
tion of CdSe decreased (Fig.3). The absolute nanocrystal
quantum yield varies from batch to batch, but is typically be-
tween one and five percent before complexation with T5-PA.
The quenching mechanism requires careful consideration. En-
ergy transfer can be eliminated as a possibility since the opti-
cal gap of the oligomer is of substantially higher energy than
that of the nanocrystals. Non-passivated surface states provide
channels for facile nonradiative decay in CdSe nanocrys-
tals.'”) Hence, changes in surface functionalization can
strongly affect fluorescence quantum yields,” even in the ab-
sence of electroactive components such as oligothiophenes.
Using an electronically passive phosphonic acid, phenylphos-
phonic acid, we observed a slight enhancement in CdSe nano-
crystal fluorescence under conditions similar to those used for
experiments with T5-PA. The slight increase in quantum yield
over that of CdSe capped with only TOPO is consistent with
the effective passivation of surface nonradiative decay sites by
the phosphonic acid moieties. Variations in the length of the
oligothiophene chain were also found to influence nanocrystal
fluorescence. A comparison of analogous terthiophene (T3)
and pentathiophene (T5) ligands shows that both are
quenched by CdSe, but nanocrystal fluorescence increased
after complexation with T3 while it decreased with TS. Hence,
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Fig. 3. a) Photoluminescence intensity of CdSe nanocrystals upon addition of
T5-PA. Fluorescence of approximately 0.12 uM nanocrystals, selectively excited
with 540 nm light, decreased with increasing T5-PA concentration of approxi-
mately 0, 1.4, 3.5, 4.3, 5.0, 6.9, and 10.1 uM. b) Photoluminescence of T5-PA be-
fore (dark) and after (light) binding to CdSe nanocrystals. The 457 nm excita-
tion light excites both CdSe and T5-PA, and the spectrum after binding
contains a contribution from incompletely quenched nanocrystal emission. The
integrated intensity of the molecular contribution to the fluorescence is propor-
tional to the molecular quantum yield in each case.

photoexciting bound T3 results in energy transfer to CdSe,
whereas photoexciting bound T5 yields charge transfer.
Therefore, TS ligands quench nanocrystal fluorescence by
hole transfer after nanocrystal photoexcitation. This implies
that the ionization potential of ground state TS is smaller than
the electron affinity of a photoexcited nanocrystal creating
overall staggered energy levels (Type II interface, see Fig. 4);
the very alignment required in photovoltaic cells to create
charge carriers. The larger highest occupied-lowest unoccu-
pied molecular orbital (HOMO-LUMO) gap of T3 reverses
the order, creating a level structure in which the energy levels
of CdSe are nested between those of T3 (Type I, see Fig. 4).
Just like TS5, longer oligothiophenes and polythiophenes are
expected to form staggered interfaces with CdSe nanocrystals.
Having demonstrated hole transfer from photoexcited nano-
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Fig. 4. Schematic of the proposed energy level alignment in CdSe—oligothio-
phene complexes. Horizontal lines represent the proposed relative energies of
the highest occupied and lowest unoccupied electronic energy levels for T3, TS5,
and CdSe nanocrystals.

crystals to bound T5 ligands, we conclude that molecular exci-
tation results in electron transfer to CdSe, though it may or
may not proceed through a nanocrystal excited state. There-
fore, when either component in the complex is photoexcited,
a charge-separated state results, with a cationic TS and an an-
ionic nanocrystal.

Oligothiophene—nanocrystal complexes are novel building
blocks for solar-cell fabrication. Because oligomers with five
rings or more undergo photoinduced charge transfer with
nanocrystals, the complexes themselves could serve as the ac-
tive material in a solar cell. As in CdSe—poly(3-hexylthio-
phene) (P3HT) solar cells, both components absorb light, and
electron transport can be controlled by nanocrystal shape.m
Unlike in the polymer cells, the interface between T5-PA and
CdSe is controlled on a molecular scale. Similarly, it may be
possible to create a poly(alkylthiophene) copolymer incorpo-
rating functionalities that would provide for more effective
mixing with nanocrystals, thereby providing better control of
the interface than achievable with standard polymers. Finally,
these electroactive surfactants can serve as a third component
in nanocrystal-polymer devices by mediating the interaction
between the two materials, both physically and electronically.
Electronically, a long oligothiophene with phosphonic acid
functionality could create a cascade of energy levels between
nanocrystals and P3HT. Such a level structure would facilitate
forward charge transfer and inhibit recombination by physi-
cally separating the electron and hole, as is the case in photo-
synthesis.

Using phosphonic acid binding groups, we have created sol-
uble oligothiophene—CdSe nanocrystal complexes. Electronic
interaction between functional components is facilitated by
attaching the binding group directly to the conjugated back-
bone of the oligomers. We have demonstrated ligand substitu-
tion with phosphonic acid groups to be a general strategy for
adding organic functionality to CdSe nanocrystal surfaces.
Mutual fluorescence quenching of pentathiophene ligands
and CdSe nanocrystals indicates photoinduced charge transfer
and demonstrates potential utility of these novel materials for
the creation of nanocrystal-organic solar cell device struc-
tures. The same complexing strategy applies with various olig-
omers and nanocrystals, selected for their optoelectronic
properties, in order to improve both nanocrystal-based photo-
voltaic cells and LEDs.*'}
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